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[1] S e v e n ty - f iv e  b o re h o le  te m p e ra tu re -d e p th  p ro f ile s  in  s o u th  In d ia , lo c a te d  b e tw e e n  
8° a n d  1 5 °N , a re  a n a ly z e d  to  in f e r  p a s t  c h a n g e s  in  s u r fa c e  g ro u n d  te m p e ra tu re . S o lu tio n s  
fo r  a  lin e a r  su r fa c e  te m p e ra tu re  c h a n g e  in d ic a te  a v e ra g e  w a rm in g  o f  a b o u t  0 .9  ±  0 .3 ° C 
o v e r  th e  p a s t  1 2 7  ±  25  y e a rs  a t  th e  9 5 %  le v e l o f  c o n f id e n c e  fo r  th e  e n tire  d a ta  se t, a lb e it  
w ith  c o n s id e ra b le  g e o g ra p h ic  v a r ia b il i ty . S o m e  s ite s  in  a  r e s tr ic te d  re g io n  e x h ib i t  su r fa c e  
g ro u n d  te m p e ra tu re  c o o lin g  d u r in g  th e  la s t  5 0  to  10 0  y e a r s  w h ile  a  n u m b e r  o f  o th e r  
b o re h o le  s ite s  s h o w  la rg e  s u r fa c e  w a rm in g  a m p litu d e s  in  th e  r a n g e  1 - 3 ° C  w ith  o n s e t  tim e s  
d u r in g  th e  la s t  fe w  d e c a d e s  to  le s s  th a n  a  C e n tu ry . S u c h  ra p id  c h a n g e s  m a y  re p re s e n t  
e ffe c ts  o f  lo c a l  la n d  u s e  c h a n g e s  s u p e r im p o s e d  o n  th e  lo n g - te rm  c lim a te  c h a n g e . R e s u lts  o f  
b o re h o le  a n a ly s is  d o  n o t  s u p p o r t  a  la t i tu d e  e f fe c t  in  c lim a te  c h a n g e . A  s e t o f  2 8  
m e te o ro lo g ic a l  s u r fa c e  a ir  te m p e ra tu re  (S A T )  re c o rd s ,  d is tr ib u te d  in  th e  th r e e  m a jo r  
c lim a tic  p ro v in c e s  ( In te r io r  P e n in s u la ,  W e s t  C o a s t  a n d  E a s t  C o a s t)  in  s o u th  In d ia  y ie ld  a n  
a v e ra g e  w a rm in g  tr e n d  o f  0 .6  ±  0 .2 ° C /1 0 0  y e a rs  o v e r  th e  p e r io d  1 9 0 1 -2 0 0 6  fo r  w h ic h  
re c o rd s  ex is t. C o m b in e d  a n a ly s is  o f  b o re h o le  te m p e ra tu re s  a n d  S A T  d a ta  y ie ld s  a  
lo n g - te rm , p r e -o b s e rv a t io n a l  m e a n  te m p e ra tu re  (b a s e lin e )  0 .6  ±  0.1 °C  lo w e r  th a n  th e  
1 9 6 1 -1 9 9 0  m e a n  S A T . W ith  a n  a d d it io n a l 0 .3 5 ° C  o f  w a rm in g  b e y o n d  th e  1 9 6 1 -1 9 9 0  
m e a n , th e  to ta l  w a rm in g  f ro m  th e  ~  18 0 0  b a s e l in e  is  0 .9 5 °C . G iv e n  m u l t ip le  u n c e r ta in t ie s , 
w e  c o n s id e r  th e  0 .9 ° C  o f  w a rm in g  f ro m  b o re h o le  te m p e ra tu re  in v e r s io n  a n d  0 .9 5 ° C  o f  
w a rm in g  f ro m  th e  h y b r id  b o re h o le  te m p e ra tu re -S A T  a n a ly s is  to  b e  c o n s is te n t i f  s ig n if ic a n t 
w a rm in g  o c c u rr e d  in  th e  1 9 th  C e n tu ry , p r io r  to  th e  o n s e t  o f  S A T  re c o rd s . T h e  p r e s e n t  d a ta  
s e t to g e th e r  w i th  th e  s e t  o f  7 0  te m p e ra tu re  p ro f ile s  in  In d ia  a n a ly z e d  e a r l ie r  c o n s t i tu te  a n  
e x te n s iv e  d o c u m e n ta tio n  o f  c lim a tic  w a rm in g  fo r  th e  lo w  la t i tu d e  re g io n  0 ° - 2 0 °  N  th a t  w a s  
p re v io u s ly  u n d e r - s a m p le d  in  g lo b a l  g e o th e rm a l  c lim a te  c h a n g e  s tu d ie s .
Citation: Roy, S., and D. S. Chapman (2012), Borehole temperatures and climate change: Ground temperature change in south 
India over the past two centuries, J. Geophys. Res., 117, D11105, doi:10.1029/2011JD017224.
1. Introduction
[2] V ariations in  surface g round  tem perature  (SG T ) a t the 
E a rth ’s surface d iffuse dow nw ard  in  a  pred ictab le  w ay  
causing  system atic pertu rbations to  the subsurface tem pera­
ture field. T he p ioneering  study  o f  L achenbruch  and  
M arsha ll [1986] in  A laska  dem onstra ted  th a t p resen t-day  
boreho le  tem pera tu re-dep th  p rofiles have the po ten tia l to 
reveal a  surface g round  tem perature  h is to ry  o v e r p as t several 
decades to  a  few  centuries. T hrough  the p rocess o f  hea t d if­
fusion  the E arth  acts as a  low -pass filter and  a  recorder o f  past 
surface tem perature  variations. B orehole  tem perature-depth  
profiles thus serve n o t only  to  com plem en t the m eteoro log ic
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reco rd  o f  clim ate change, b u t also p rovide im portan t co n ­
straints o n  tem perature  trends p rio r to  the occurrence o f  a  
g lobal in strum en tal m eteo ro log ica l reco rd  (i.e., ^ 1 8 6 0  A .D .) 
and  in  areas w here there is a  paucity  o f  instrum entally  
reco rded  data.
[3] T he techn ique fo r analysis o f  borehole  tem perature  
and  m eteoro log ical reco rds in deciphering  p as t clim ate 
change is n ow  established, and  studies have b een  carried  ou t 
in several reg ions o f  the g lobe, w herever suitable da ta  are 
available [see, e.g., H arris a n d  C hapm an, 2001; H uang  
e t al., 2000; B eltram i e t al., 2003]. H arris a n d  C hapm an  
[1997] fu rther dem onstra ted  th a t a  com bined  analysis o f  
boreho le  tem perature reco rds and  m eteo ro log ical surface 
a ir tem perature  records is able to  estab lish  long-term  pre- 
observationa l m ean  tem peratures (i.e., p rio r to the occurrence 
o f  instrum ental station  records). U sing  borehole  and  m e teo ­
ro log ica l da ta  fo r the no rthern  hem ispheric  m id latitude 
region, they  estim ated  a  p re-observational m ean  tem perature  
(PO M ) o f  —0.7°C  relative to  the 1 9 6 1 -1990  m ean  surface air 
tem perature. T heir data, how ever, w ere concen tra ted  in  the 
latitude band  30 to  60°N .
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F igure 1. O utline m ap o f  Ind ia  show ing  the d is tribu tion  o f  
boreho le  sites (filled b lack  circles) and  m eteoro log ical 
stations (open  triang les) u sed  in  the p resen t study . T he bore­
ho le  locations o f  the p rev ious study  [Roy et al., 2002] are 
show n b y  filled  gray  circles. M ajo r clim atic p rov inces after 
H ingane  e t al. [1985] are indicated.
[4] The first ex tensive study  in  low  latitudes w as 
carried  o u t using  70 tem peratu re-dep th  p rofiles from  India, 
d is tribu ted  in  five m a jo r clim atic p rov inces and  covering  the 
latitude range 12°-2 8 °N  [Roy e t al., 2002] (F igure 1). The 
study  p rov ided  evidence for a  m ean  w arm ing  o f  0.9° ±  0.1 °C 
in  surface g round  tem peratures over the p as t ^ 1 5 0  years. 
Furtherm ore, com bined  analysis o f  bo reho le  tem perature  
data  and  m eteoro log ica l surface a ir tem perature  (SA T) data  
ind ica ted  a  long-term , pre-observational m ean  (PO M ) 
tem perature  0.8° ±  0 .1°C  low er th an  the 1 9 6 1 -1990  m ean  
SAT. T he sign ifican tly  low  PO M  relative to the 1961-1990  
m ean  S A T  suggest th a t the w arm ing  trends observed  in  the 
SA T records rep resen t sign ifican t increases from  the p re ­
instrum ental (19 th  century) conditions.
[5] In  the p resen t study, w e analyze a  set o f  75 additional 
boreho le  tem pera tu re-dep th  (T-z) profiles d istribu ted  in  the 
latitude b an d  8°- 1 5 °N  in  sou th  Ind ia  fo r evidence o f  past 
surface g round  tem perature  variations. T he p resen t da ta  set, 
together w ith  the set o f  70 T -z profiles from  Ind ia  analyzed  in 
the p rev ious study  [Roy e t al., 2002] constitu te  an  extensive 
com pilation  for the low  latitude b an d  0 ° -3 0 °N  (F igure 1). 
W e also sum m arize the clim ate change resu lts based  on  SAT 
records from  28 m eteo ro log ical stations and  carry  o u t a  
com bined  analysis o f  boreho le  and  SA T records to investi­
gate trends in  sou th  Ind ia  p rio r to  the w idesp read  record ing  
o f  SA T data.
2. Borehole Temperature-Depth Data 
and Analysis
[6] B orehole  tem perature-dep th  data  from  over 100 sites 
d is tribu ted  in  the P recam brian  h a rd  rock  terra in  o f  south
Ind ia  have b een  acquired  during  the p e riod  1997 -2008  as 
p art o f  system atic hea t flow  investigations. T hese include 
m easurem ents in  14 “ded ica ted” hea t flow  boreho les that 
w ere carefu lly  sited  in  areas o f  low  g roundw ater y ie ld  and  
re latively  hom ogeneous rock  type. T he g rea t m ajo rity  o f  the 
m easurem ents w ere  m ade in  boreho les d rilled  fo r g round ­
w ater exploration, m an y  o f  w h ich  w ere  e ither d ry  o r poor- 
y ield ing, and  w ere  abandoned  o r  u n u sed  fo r a t least 
3 m on ths and  up  to  few  years p rio r to  logging. T hus, w hile 
all tem perature  m easurem ents are free from  drilling-induced  
pertu rbations and  rep resen t equ ilib rium  conditions, m ea­
surem ents in  a  few  boreholes m ay  con ta in  artifacts caused  
b y  fracture-contro lled  groundw ater flow  in  them .
[7] T em perature  data  w ere acqu ired  a t in tervals o f  3 m  in 
each boreho le  by  m anually  low ering  a  calibrated , 1 KW 
therm isto r p robe  and  m easuring  the tran sducer resistance to 
a  p rec ision  o f  0.1 W using  a  W heatstone bridge. O ur recen t 
m easurem ents (since y ear 2008) em ploy  a  H art Scientific 
C H U B  E4 data  logger. T he tem perature p rec ision  is ty p i­
ca lly  ± 3  m K , b u t com parisons o f  m ultip le  and  repeated  
tem peratu re-dep th  logs in  boreholes show  th a t tem peratures 
are genera lly  rep roducib le  to  b e tte r than  20 m K  [Roy and  
R ao , 2000; R oy e t al., 2002].
[8] W e screened  the boreho le  data  u sin g  the sam e criteria  
as those  adop ted  in  the p rev ious study  b y  R oy e t al. [2002]. 
T hese are: (1) boreho les should  in tersec t rocks w ith  re la ­
tive ly  u n ifo rm  therm al conductiv ity  to  avo id  m isin terpreting  
therm al g rad ien t variations; (2) boreho les shou ld  be  located  
in  low -re lie f crystalline terrains to  m in im ize topograph ic  and 
fluid flow  effects; and  (3) tem pera tu re-dep th  p rofiles should  
have  no  v isib le  features th a t are re la ted  to  g roundw ater 
m ovem ent. A n  add itional requ irem en t fo r geo therm al c li­
m ate  change studies is the n eed  to  separate the background  
therm al reg im e from  the c lim atically  pertu rbed  regim e. T hus 
w e also require  T -z logs to  ex tend  to  a t least 150 m . O f  the 
available T -z profiles, 75 p rofiles w h ich  m e t o u r criteria  
w ere selected  fo r analysis.
[9] L ocations o f  the boreho les u se d  in  the p resen t study 
are show n b y  dark  so lid  circles in  F igure 1. F o r com p lete­
ness, the boreho le  locations o f  the p rev ious study  [Roy e t al., 
2002] are show n b y  g ray  solid  circles; m ajo r clim atic p ro ­
v inces [H ingane e t al., 1985] are also  indicated. Sites 
addressed  in  th is study  are lim ited  to  the southern  p art o f  
Ind ia  betw een  8°N  and  15°N  latitudes and  covering  the three 
states o f  K arnataka, T am il N ad u  and  K erala. The m ajo rity  o f  
the boreho les are d is tribu ted  in  the In terio r P en insu la  c li­
m atic prov ince; a  few  lie in  the prox im ity  o f  the W est C oast 
p rov ince  w hereas the E ast C oast p rov ince  is un represen ted .
[10] F igure 2 is a  com plete  set o f  T -z p rofiles from  the 
75 sites. B ecause annual tem perature  varia tions ex tend  to  a 
dep th  o f  abou t 20 m , tem peratures in  the top  20 m  are n o t 
u se fu l fo r ex tracting  decade to  cen tu ry  scale g round  tem ­
perature  perturbations. T herefore, these tem peratures have 
n o t b een  p lo tted . T he deeper po rtions o f  the p rofiles show  
system atic increase o f  tem perature w ith  dep th  reflecting  the 
upw ard  flow  o f  hea t from  the E a rth ’s in terio r tow ard  the 
surface b y  conduction  u n d e r  steady  state conditions. A  
constan t tem perature  g rad ien t g  is iden tified  be low  a  depth  
z top a t each site as a  backg round  therm al gradient, w hich  
w h en  ex trapolated  to the surface y ields a  tem perature  
in tercep t T0 (Table 1). T em peratures in  the u pperm ost 100 
to  300 m , depend ing  on  the site, depart from  the linear
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Temperature, °C
30 32 34 36 38 40 42 44 46 48 50 52
Temperature, °C
30 32 34 36 38 40 42 44 46 48 50 52
Temperature, °C
30 32 34 36 38 40 42 44 46 48 50 52
F igure 2. (a, b , c) P lo ts o f  tem peratu re-dep th  p rofiles from  75 sites in  sou th  Ind ia  analyzed  in  the p resen t 
study. B orehole  iden tification  num bers are ind icated  a t the bo ttom  o f  each  profile, together w ith  horizontal 
tem perature  offsets (in  °C ) to  avo id  overlap.
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Table 1. Borehole Site, Temperature-Depth Profile and Inversion Detailsa
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Pavagada, PAV8 77°09'02" 14° 18 '58" 2002 165 13.4 29.1 0.9 72 0.007 1930 5
Pavagada, PAV1 77°14'39" 14° 16 '09" 2002 165 12.7 29.5 1.7 113 0.029 1889 5
Pavagada, PG 77°09'37.3" 14° 12 '20.5" 2005 255 12.3 28.6 1.9 207 0.022 1798 5
Pavagada, PAV7 77° 15 '30" 14° 10 '45" 2002 117 11.0 29.8 0.5 47 0.004 1955 5
Bangalore, B28 77°58'18" 13°46 '58" 2000 57 10.6 28.4 0.4 28 0.015 1972 1
Chikmagalur, CHK9 75°48'25" 13°42 '51" 2002 132 8.3 27.0 1.5 98 0.022 1904 1
Chikmagalur, CHK10 75°51 30" 13°38 '33" 2002 156 6.3 27.5 1.2 78 0.015 1924 1
Chikmagalur, CHK1 75°29 50" 13°36 '10" 2002 162 12.2 25.9 1.0 177 0.029 1825 1
Bangalore, B26 77°48'15" 13°25 30" 2000 213 11.7 27.6 1.3 334 0.045 1666 1
Chikmagalur, CHK4 75°27 57" 13°21'02" 2002 171 11.2 25.4 1.3 166 0.023 1836 1
Chikmagalur, CHK5 75°47 20" 13°20 '02" 2002 150 11.3 25.4 1.8 84 0.012 1918 1
Chikmagalur, CHK11 75°51 13" 13° 14 '03" 2002 216 10.4 24.7 1.4 197 0.010 1805 1
Bangalore, B21 77° 57 '51" 13°04 '37" 2000 201 10.5 26.3 1.5 227 0.023 1773 1
Hassan, HAS1 75°53 02" 12°57 '02" 2002 153 11.8 24.6 1.2 104 0.017 1898 1
Hassan, HS 76°05 '32.1" 12°55 '59.7" 2005 225 11.9 25.2 1.2 270 0.015 1735 1
Magadi, MD 77° 14 '53.8" 12°55 5.1" 2005 318 9.9 26.1 2.0 497 0.018 1508
Hassan, HAS2 75°56'52" 12°54 '44" 2002 129 13.4 25.0 1.4 95 0.019 1907 1
Bangalore, B19 77°30'02" 12°46 '51" 2000 150 8.6 27.9 0.9 140 0.019 1860 1
Piriyapatna, PP 76°00'51.5" 12° 19 '47.3" 2008 324 14.7 24.6 1.0 337 0.031 1671 1
Uttangarai, UT 78°32'04" 12° 15 '52 1997 108 12.8 29.0 1.7 89 0.032 1908 3
Kalpetta, KER33 76°05 '10" 11°36 '00" 2002 138 10.1 24.0 1.5 85 0.012 1917 1
Attayampatti, ATT 78°01 56" 11°32 '25" 1998 36 10.8 31.3 -0.4 14 0.015 1984 2
Namagiripettai, NP11 78° 19 '30" 11°29 ' 1998 144 11.1 31.0 -0.8 153 0.020 1845 4
Namagiripettai, NP16 78° 16 '20" 11°28 '05" 1998 171 11.2 31.2 -4.3 93 0.051 1905 4
Vettizhinjathottam, KER34 75°55 07" 11°27 '55" 2002 153 11.4 26.3 2.9 85 0.016 1917 1
Namagiripettai, NP4 78°17 11°27 '50" 1998 117 12.5 30.3 1.3 42 0.006 1956 4
Namagiripettai, NP3 78°15 11°27 '36" 1998 204 11.6 31.3 -2.9 104 0.032 1894 4
Namagiripettai, NP1 78°15 11°27 '36" 1998 162 10.0 31.9 -3.6 51 0.028 1947 4
Namagiripettai, NP8 78° 18 '50" 11°27 '30" 1998 108 9.6 31.5 -1.9 89 0.076 1909 4
Namagiripettai, NP15 78°16 11°27 '30" 1998 162 9.9 31.3 -1.0 82 0.016 1916 4
Namagiripettai, NP21 78° 15 '00" 11°27 '20" 1998 123 15.6 30.1 -0.7 89 0.012 1909 4
Tiruchengodu, TG 77°51'38" 11°26 '22" 1997 93 14.7 31.7 -0.9 42 0.008 1955 2
Sankari, SG1 77°51'36" 11°25'48" 1998 225 15.6 31.1 1.0 257 0.012 1741 3
Sankari, SG2 77° 52 '48" 11°24 '56" 1998 210 14.2 31.7 1.3 271 0.026 1727 3
Kakkur, KER35 75°49'18" 11°23'08" 2002 150 8.8 28.2 1.0 81 0.009 1921 1
Chelapuram, KER36 75° 47 '51" 11°20 '12" 2002 30 10.2 28.2 0.0 210 0.010 1792 1
Sevagoundapalayem, SP 78°09'05" 11°20 '23" 1998 57 10.8 32.2 0.8 13 0.007 1985 2
Nallagoundampalayam 
(Uthukuli), UTTU2
77°25 58" 11°11'40" 1998 126 12.5 30.8 1.1 58 0.006 1940 2
Malappuram, MP 75°54 32.2" 11° 11 '17.8" 2008 273 12.2 27.7 2.4 396 0.043 1612 1
Melechundapatti, KER28 76°42'34" 11 ° 11 '21" 2002 138 8.6 29.0 1.3 94 0.016 1908 1
Avinashi, AV5 77° 16 '39" 11 ° 11 '21" 1998 195 12.9 31.9 0.9 214 0.015 1784 3
Avinashi, AV4 77° 15 '25" 11° 10 '24" 1998 156 13.2 30.9 -0.4 226 0.015 1772 2
Chavadiyur, KER27 76°40'04" 11°09 '39" 2002 120 10.1 28.3 1.3 60 0.011 1942 1
Avinashi, AV3 77°17 11°09 '36" 1998 132 18.8 29.7 -0.7 95 0.017 1903 2
Kottathara, KER24 76°42'02" 11°08 '17" 2002 144 10.7 28.7 0.6 119 0.011 1883 1
Kottathara, KER23 76°40'56" 11°07 '56" 2002 129 12.3 28.0 1.9 65 0.013 1937 1
Vattulukki, KER26 76°43 38" 11°07 '54" 2002 141 12.8 27.7 1.1 112 0.020 1890 1
Chittur, KER22 76°39'17" 11°03'55" 2002 159 16.0 24.1 3.2 99 0.022 1903 1
Vattapara, KER19 76°58 69" 10°49 '36" 2001 144 13.3 27.9 1.7 100 0.017 1901 1
Akkathethara (Palghat), KER21 76°38 55" 10°49 '26" 2002 153 10.5 28.8 1.4 117 0.022 1885 1
Kerampara, KER18 76° 52 '49" 10°46 '17" 2001 165 11.8 28.4 1.9 133 0.017 1868 1
Palghat, KER20 76°41 35" 10°45 54" 2002 159 11.2 29.0 0.6 190 0.030 1812 1
Para, KER17 76°46'17" 10°45 28" 2001 153 12.3 28.7 2.1 53 0.011 1948 1
Devadanapatti, MAD20 77°37 38.4" 10°08 '12" 1997 138 9.1 32.0 0.6 78 0.011 1919 4
Nadukani, KER13 76°40 15" 10°05'25" 2001 162 15.5 27.4 1.4 132 0.031 1869 1
Bodi, MAD14 77°20 '49" 10°01' 1997 135 15.7 30.3 0.8 130 0.021 1867 4
Aundipatty, AP 77°37 32" 09° 59 '39" 1999 66 17.6 31.8 2.4 21 0.015 1978 3
Vadakkanmaradi, KER12 76°33 30" 09° 59 '10" 2001 153 13.1 27.7 1.0 111 0.009 1890 1
Muvattupuzha, EK 76°32'10.1" 09°57 33.3" 2005 315 16.2 26.9 1.9 634 0.031 1371 1
Palkalainagar, MAD4 78°03 9°55 36" 1997 93 7.2 32.4 0.6 60 0.012 1937 4
Sankarapuram, MAD13 77° 19 '54" 9°54 48" 1997 102 13.2 30.7 0.7 61 0.016 1936 4
Onakkur, KER11 76°31 00" 09°53 30" 2001 39 13.5 27.8 0.0 20 0.006 1981 1
Nilayur, MAD3 78° 03 '42" 9°51 18" 1997 102 17.0 30.5 0.8 49 0.009 1948 4
Odaipatty, MAD11 77°25 48" 9°50 42" 1997 51 15.6 29.5 1.9 17 0.020 1980 4
Mallapuram, MAD8 77°40'54" 9°49 48" 1997 45 17.5 30.4 1.1 12 0.011 1985 4
Thirali, MAD2 77° 56 '42" 9°48'12" 1997 153 12.8 31.2 1.4 85 0.007 1912 4
Anaikal, KER9 76°47'15" 09°34 30" 2001 150 18.6 25.9 1.5 139 0.021 1862 1
Sivakasi, SV3 77°47 42" 09° 27 '43" 1998 126 18.8 31.6 2.4 83 0.017 1915 3
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Sivakasi, SV1 77°47'22" 09° 26 '04" 1998 87 17.3 31.6 1.3 29 0.008 1969 3
Chenganur, KER4 76°37'15" 09° 18 '20" 2001 159 10.0 28.3 0.9 160 0.020 1841 1
Koni, KER8 76°51'25" 09° 13 '55" 2001 135 18.9 26.6 2.0 88 0.017 1913 1
Kundara, KER6 76°41'20" 08°58 2001 171 16.0 28.6 1.0 67 0.009 1934 1
Tottakadu, KER5 76°48'25" 08°44 '15" 2001 144 18.2 28.3 0.8 116 0.010 1885 1
Nagercoil, NC2 77°23 39" 08° 11 '41.9" 2005 108 35.4 28.3 1.7 58 0.023 1947 1
Nagercoil, NC 77°23 39" 08° 11 '41.9" 2008 120 35.6 28.4 1.4 102 0.029 1906 1
“Abbreviations: g, gradient; T0, zero-depth (surface) intercept of linear fit; AT, magnitude of ramp change of surface temperature over a duration time t*; 
RMS, root mean square misfit between reduced temperature profile and ramp fit. 
bStart depth of T-z profile used for computation of background temperature gradient.
cReferences: 1, S. Roy et al. (manuscript in preparation, 2012); 2, Roy et al. [2003]; 3, Ray et al. [2003]; 4, S. Roy et al., unpublished data, 1995; 5, Roy et 
al. [2008].
profile, iden tify ing  a  tem perature  anom aly  th a t is likely 
caused  b y  chang ing  surface tem perature  o ver the last tw o 
cen tu ries , and  is o ften  term ed  as the tran sien t com ponen t o f  
the p rofile .
[11] T he subsurface transien t tem perature  pertu rbations 
A T (z ,t)  satisfy the one-d im ensional hea t d iffusion  equation
[C arslaw  an d  Jaeger, 1959],
d2AT(z, t) 1  dT  
dz2 a  dt
w here z is dep th  (positive dow nw ard) and  a  is the therm al 
d iffusiv ity  o f  the E arth  m edium . W ith  appropriate in itia l and 
boundary  cond itions, so lu tions to  equation  (1) p rov ide a  
basis fo r in terpre ting  the curvature in  the subsurface tem ­
perature  field  in  term s o f  surface g round  tem perature  
variations.
[12] F o r constan t therm al conductiv ity , the tran sien t p e r­
tu rbations can  be iso la ted  from  the backg round  therm al 
g rad ien t based  on  a  linear fit to the deeper po rtion  o f  the 
data. W e chose the dep th  o f  m in im um  absolute curvature  in  
the T -z  profile  as the dep th  to  the start o f  the linear fit. 
B ecause w e are on ly  rem oving  a  constan t g rad ien t from  the 
T -z  profile  and  it is the subsurface curvature th a t is m apped  
into the surface g round  tem perature varia tions accord ing  to 
equation  (1), th is step does n o t rem ove any  clim atic signal 
be low  the start dep th  to  the linear fit.
[13] R educed  tem peratures a t each  depth, TR(z) are defined 
as,
Tr (z ) =  T  ( z ) - [ T 0 +  gz] (2)
w here T0 and  g  are a  surface tem perature  in tercep t and 
therm al g rad ien t, respective ly , fit to  da ta  from  the deeper 
part o f  each  borehole. A  com posite  o f  reduced  tem perature  
p rofiles for a ll 75 boreho les is g iven  in  F igure 3. This 
com posite  p lo t is u sefu l to  show  b o th  p redom inan t behav io r 
o f  the transien t tem peratures and  also the outliers. The 
m ajo rity  o f  bo reholes exh ib it positive reduced  tem peratures 
th a t ex tend  to  a  dep th  o f  ab o u t 150 m ; the therm al d iffusion  
tim e associa ted  w ith  th is dep th  is rough ly  175 years. F our 
boreho les also show  positive reduced  tem pera tu res b u t w ith  
b o th  grea ter m agn itude  and  g reater dep th  extent; the dep th  
ex ten t o f  the reduced  tem perature  anom aly  suggests an  o ri­
g in  o ther th an  cu rren t clim ate change. E leven  sites show
negative reduced  tem peratures ind icating  cooling  a t the 
surface. M ost o f  those  sites are located  in  N am agiripetta i 
a rea  o f  T am il N ad u  state. T he ir p rofiles depart from  b ack ­
ground  starting  betw een  dep ths o f  50 m  and  100 m  that 
indicate surface tem perature changes w ith in  the las t 50­
80  years. T his variab ility  in  reduced  tem peratures is a  co m ­
m o n  feature in  studies e lsew here [H arris a n d  C hapm an , 
1998, 2001; R o y  e t al., 2002]; it m ay  be  caused  b y  local 
and  reg ional variations in  clim ate change, o r b y  local g round  
surface effects such as land  use changes.
[14] To quan tify  estim ates o f  recen t g round  tem perature 
change, w e invert the reduced  tem perature  p rofiles for a  
surface g round  tem perature h istory . T here are m an y  possib le  
inversion  techniques th a t have  b een  app lied  to  th is p rob lem  
[Shen an d  B eck, 1991; C low, 1992; W ang, 1992; M arescha l 
an d  B eltram i, 1992; H arris a n d  C hapm an, 1995; H uang  
e t al., 2000]. W e choose to m odel the reduced  tem pera­
ture profiles in  term s o f  a  linear o r ram p change in  surface 
tem perature  as d id  L achenbruch  an d  M a rsh a ll [1986] in 
the ir sem inal study o f  borehole tem peratures in  A laska. T his 
approach  is iden tical to th a t o f  R o y  e t a l. [2002] and  p ro ­
v ides consistency  in  com paring  resu lts for India.
Reduced Temperature, °C
F igure 3. R educed  tem pera tu re-dep th  p rofiles for all 
75 boreho les o f  the p resen t study.
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Temperature (°C) Reduced Temperature (°C)
F igure 4. Illustration o f  the m ethod  o f  analysis for the borehole tem perature profile  C H K 5. (a) T  em perature- 
depth  m easurem ents (open circles) and  background  therm al regim e (dashed line). (b) R educed tem peratures 
are calculated b y  subtracting the background  therm al regim e from  the m easured  tem peratures. The dashed  line 
corresponds to  zero reduced tem perature. T he solid line represents the fit to the reduced  tem perature profile 
w ith  a  ram p function  (see text). (c) Solution-resolution  d iagram  contouring the R M S m isfits for specific 
param eter values D T  and  t * in  equation 3. T he op tim um  solution is show n b y  the bo ld  cross.
[15] O ur m odel is param eterized  in  term s o f  a  total 
w arm ing  (or coo ling) m agnitude D T  and  a  dura tion  tim e t* 
expressed  as [C arslaw  a n d  Jaeger, 1959; L achenbruch  and  
M arsha ll, 1986],
D T  (z) — 4D T i1er fc ( . ) (3)
V v 4 a t V
w here i2 erfc is the second  in tegral o f  the com plim entary  
error function. A  un ifo rm  therm al d iffusiv ity  ( a )  o f  
10~6 m 2 s_1 is assum ed  th roughou t th is analysis for co n ­
sistency. F o r o ther va lues o f  d iffusiv ity  the ram p dura tion  t* 
is easily  ad justed  b y  keep ing  the p roduc t (a t* )  constant. 
A pp lica tion  o f  th is inversion  is illu strated  in  F igure 4  for site 
C H K 5. T he raw  tem peratu re-dep th  p rofile  (F igure 4a) is 
converted  to  a  reduced  tem peratu re-dep th  p rofile  (F igure 4b) 
so that reg ional heat flow  and  hence  d ifferent background  
therm al g rad ien ts do no t p lay  a  ro le in  the analysis. The 
inversion  th en  y ields a  p referred  D T  (am plitude) and  t* 
(duration) o f  a  ram p change that explains the transien t 
reduced  tem perature  and  a  so lu tion-reso lu tion  d iagram  that 
ind icates h o w  w ell the param eters are reso lved  (F igure 4c).
[16] P rior to  exam ining  resu lts a t ind iv idual sites, one 
should  no te  the po ten tia l hazards o f  the ram p inversion  
caused  b y  the inversion  a lgorithm  itself, b y  the nature o f  
tem perature  m easurem en ts in  boreholes, and  b y  the sources 
o f  no ise  in  subsurface tem peratures. First, the  ram p am p li­
tude  is m u ch  better reso lved  th an  the onset tim e, as is show n 
in  the reso lv ing  d iagram  (F igure 4c). T he onset tim e re so ­
lu tion  becom es particu larly  p rob lem atic  for very  sm all ram p 
am plitudes: zero change can  hap p en  anytim e. T he ram p 
am plitudes w o u ld  be better constra ined  i f  one w ere able to 
u se  tem peratures u p  to the surface, bu t one canno t u se  the 
upperm ost 20  m  o f  the boreho le  because  the annual tem ­
perature  cycle  extends to  th is depth. Furtherm ore, it is tim e 
consum ing  and  often  inaccurate  to  m easure tem peratures in  
air, thu s m an y  practitioners on ly  start logg ing  tem perature  
w h en  the p robe  has reached  the w ate r tab le  that m ay  be  at a  
dep th  o f  a  few  tens o f  m eters. F inally , som e cu rvatu re  in  
tem perature  p rofiles m ay  be  caused  b y  effects o ther than
transien t surface tem perature  changes [C hisholm  and  
C hapm an, 1992, A ppend ix  1].
[17] R esu lts for the 75 n ew  boreho le  sites rep resen ted  in 
th is study  are g iven  in  T able 1. In form ation  for each site 
includes the site nam e and  location , the y ear in  w hich  the 
tem perature  log  w as ob tained, the top  dep th  that defines the 
und is tu rbed  p art o f  the borehole, the backg round  tem pera­
ture gradient determ ined  from  the deepest section  o f  the 
boreho le  b e low  the section  that is affected  by  recent clim ate 
change, and  the surface tem perature  ex trapo lated  from  this 
deep section. F o r the ram p fit o f  tem perature  change, T able 1 
includes the ram p am plitude, the tim e in terval be tw een  the 
onset o f  w arm ing  o r cooling  and  logg ing  o f  the borehole, 
and  the R M S  m isfit b e tw een  observed  tem peratures and 
those  p red ic ted  from  the ram p fits.
[18] A m plitudes o f  g round  tem perature  change a t in d i­
v idua l sites vary  considerab ly  from  3.2°C  to  -4 .3 °C . The 
m ean  am plitude o f  the sites that indicate w arm ing  is 
1.3 ±  0.6 (SD ) °C, n o t significantly  d ifferen t from  the earlier 
result o f  R oy e t a l. [2002]. O nset tim es for ind iv idual sites 
show  even  g reater variation  th an  am plitudes, from  a  decade 
o r tw o at the short tim e scale to  cen tu ries at the long  tim e 
scale. The ram p am plitudes and  tim e durations fo r ind iv idual 
boreho les are show n as h is tog ram  p lo ts in  F igure 5. The 
m ean  am plitude for the 75 sites is 0 .9  ±  0 .3°C  a t 95%  level 
o f  confidence and  the m ed ian  am plitude is 1.2°C. T he m ean  
onse t tim e p rio r to  the logging  y ear is 127 ±  25 years a t the 
95%  level o f  confidence  correspond ing  to  onset in  the 
1880 s, and  the m ed ian  o nse t tim e is 95 years.
[19] E leven  o f  the sites show  coo ling  and  7 o f  these 
are concentrated  in  a  sm all a rea  ( ^ 1 0  km  x  5 km ) in 
N am agiripe tta i n ear Salem , T am il N ad u  state. The m ag n i­
tude  o f  cooling  in ferred  in  the area ranges from  0 .7  to 
3.6 °C  w ith  variab le  o nse t tim es during  the p as t ^ 1 0 0  years. 
W e speculate that the coo ling  m ay  be  caused  b y  extensive 
sago cu ltiva tion  in  the past several decades resu lting  in  the 
presence o f  vegeta tion  alm ost th roughou t the year, bu t that 
p rocess does no t appear to  be  w idesp read  in  the o ther 
stud ied  areas o f  sou th  India. T he o ther 4  sites are d is trib ­
u ted  over a  la rger ( ^ 6 0  k m  x  30 km ) region, in  the ad jacent
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F igure 5. H istogram s show ing  the d is tribu tion  o f  (a) ram p 
am plitudes (A T ) and  (b) du ra tion  tim es (t*) ob ta ined  from  
analysis o f  75 borehole  tem pera tu re-dep th  p rofiles in  south 
India. M ean  values, a long  w ith  95%  confidence lim its 
(in paren theses) are show n for each d istribution . T he w id th  
o f  the b ins is approx im ate ly  equal to  the uncertain ty  
(95%  confidence lim it) in  each  case. R am p durations for 
tw o boreho le  tem perature  profiles, M D  (497 years) and 
E K  (634 years) are n o t show n in  F igure 5b.
T iruchengodu-A vinash i areas to  the w est o f  Salem , b u t the 
sites are separated  from  one ano ther b y  several k ilom eters to 
a  few  tens o f  k ilom eters. T he cooling  a t these  sites are likely 
attributable to  local site conditions.
[20] F ou r bo reholes (M D , PP, M P  and  E K ) exh ib it p o s i­
tive reduced  tem peratures d ow n  to  dep ths o f  ^ 3 0 0  m  w hich  
taken  a t face value  cou ld  be  in terpre ted  as w arm ing  tha t 
started  as early  as 700 years befo re  present. A nalysis o f  these 
p rofiles y ie ld  onset tim es th a t range from  400 to 650 years 
before  present. T hese four sites are c learly  anom alous re la ­
tive to  the rem ain ing  71 sites in  sou th  India, w h ich  y ield  
surface tem perature  h is to ries th a t date b ack  to ^ 3 0 0  years 
a t the m ost.
3. Meteorological Data Update and Infilling
[21] S urface a ir tem perature (SA T ) data  reco rded  at 
m eteoro log ical stations are a  critical p art o f  ou r clim ate 
change analysis. M eteo ro log ica l da ta  w ere  ob tained  from  the 
Ind ia  M eteoro log ical D epartm en t (IM D ) for 28 localities 
d is tribu ted  across the three clim atic p rov inces o f  sou th  Ind ia  
g iven  b y  H ingane  e t al. [1985] (F igure 1). G eographic 
coverage is good  in  the In terio r P en insu la  and  E ast C oast 
clim atic p rov inces; the W est C o ast clim atic p rov ince  has 
data  from  only  three m eteoro log ic  stations, all concen trated  
in  the no rthern  h a lf  o f  the region.
[22] T he SA T  data  consist o f  annual m ean  tem peratures 
from  the in itia tion  o f  record ing  a t a  particu lar station  to 
abou t 1996 and  m o n th ly  m ean  tem peratures from  1997 to 
2006. T he m o n th ly  values update  the data  u sed  b y  R o y  e t al. 
[2002]. F igure 6 show s the tem poral com pleteness o f  the 
updated  da ta  set: da ta  are 94%  com plete  in  general b u t w ith  
som e geographic  variability . F o r exam ple, sta tion  B om bay 
(B O M ) is 100%  com plete  for the entire period  1901 th rough  
2006, as is Pune (PU N ). O ther stations such  as K arw ar 
(K A R ) o r M adurai (M A D ) have decade o r g reater gaps in  
the m idd le  o f  the cen tury  or, as w ith  B ellary  (B E L) are 
m issing  on ly  a  few  years in  recen t tim es. M ore prob lem atic  
are the four stations B aram ati (B A R ), Satara (SA T), 
H yderabad  (H Y D ), and  T iruch irapalli (T IR ) w h ich  are 
m issing  the first h a lf  o f  the century. Fortunately , in  m ost 
cases w here w e are m issing  data  there are o ther re latively  
nearby  stations th a t can  be  u sed  to  infill for the m issing  data.
[23] B ecause w e require  com plete  tim e series for o u r c li­
m ate  change analysis w e fo llow  an  infilling  pro toco l to  trea t 
tem poral da ta  gaps. F o r any  station  w ith  m issing  data  w e 
exam ine nearby  stations from  the sam e clim atic p rov ince  to 
see w h ich  stations exh ib it sim ilar tem perature  responses on 
an  annual o r m on th ly  basis. T hat is, does a  co ld /w arm  m onth  
o r y ear a t one sta tion  correspond  to a  com paratively  cold / 
w arm  m on th  o r y ear respectively  a t the o ther sta tion? O n  the 
basis o f  a  positive spatial corre la tion  betw een  tem perature  
residuals, w e iden tify  pairs  o f  stations for infilling. W hen  
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F igure 6. T em poral com pleteness (th ick  line) o f  SA T data 
from  28 m eteo ro log ica l stations in  sou th  Ind ia  during  the 
period  1900-2006 . T he stations are iden tified  as follow s. 
A H M : A hm adnagar; PU N : Pune; B A R : B aram ati; N IZ: 
N izam abad; SAT: Satara; SH O: Sholapur; H Y D : H yderabad; 
RA I: R aichur; B EL: B ellary; K U R : K urnool; C H I: C hitra- 
durga; B A N : B angalore ; C O I: C oim batore; SAL: Salem ; 
K O D : K odaikanal; TIR: T iruchirapalli; M A D U : M adurai 
(all in  In terio r P en insu la  province); C U D : C uddalore 
N A G : N agapattinam ; M A D : M adras; N EL: N ellore; V IS 
V isakhapatnam ; M A S: M asulipatnam ; K A K : K ak inada 
PA M : P am ban  (all in  E ast C oast province); K A R : K arw ar 
R A T: R atnagiri; B O M : B om bay (all in  W est C oast 
province).
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F igure 7. C om parison  betw een  m on th ly  tem perature 
residuals (A T) for a  p a ir o f  stations, H yderabad  (H Y D ) and 
S holopur (SH O ), in  the In terio r P en insu la  for a  five year 
period  1998-2002 . T he stations are separated  b y  250 km . A  
tem perature  residual is defined  as the tem perature  d ifference 
b etw een  the observed  m ean  m on th ly  tem perature  for a  m on th  
in  the five y ear period  1 9 9 8 -2002  and  the average tem pera­
ture for th a t m on th  o ver the entire tim e series.
th is pu rpose is the tem perature  d ifference betw een  the m ean  
annual tem perature  for a  particu lar y ear in  the tim e series 
and  tem perature for th a t y ear fitted  b y  the series-long trend 
to  the data. F o r the m o s t recen t m on th ly  data, a  tem perature  
residual is defined  as the tem perature  d ifference betw een  the 
observed  m ean  m on th ly  tem perature  for a  m on th  in  the five 
y ear period  199 8 -2 0 0 2  and  the average tem perature  for that 
m on th  over the five-year tim e series.
[24] F igure 7 show s a  com parison  betw een  m on th ly  tem ­
perature  residuals for a  p a ir o f  stations, H yderabad  (H Y D ) 
and  Sholopur (SH O ) in  the In terio r P en insu la  for the period  
1998-2002 . T he stations are separated  b y  ^ 2 0 0  km . The 
m on th ly  tem perature residuals genera lly  v a ry  from  —1.6 to 
+ 1 .8°C  and  are strongly  co rrelated  w ith  a  co rrelation  coef­
fic ien t o f0 .7 5 . If, for exam ple, w e have  a  da ta  gap for H Y D  
b u t com plete  da ta  a t SH O  for a  particu lar m onth , w e use a  
linear reg ression  (F igure 7) to determ ine the b es t re la tion  
b etw een  H Y D  and  SHO tem perature  residuals and  use tha t 
re la tion  to in fill for m issing  da ta  a t H Y D . A  com plete 
m on th ly  data  set can  then  be  used  to  create m ean  annual 
tem peratures.
[25] In  a  very  sm all n u m b er o f  cases w e have used  the 
sam e infill p ro toco l to  rep lace data. R ep lacem en t is only 
considered  w hen  the m eteo ro log ica l da ta  file o f  annual o r 
m on th ly  m ean  tem peratures seem s to  suffer from  da ta  tran ­
scrip tion  or o ther errors th a t resu lt in  tem perature  shifts tha t 
are n o t credible. F o r exam ple, in  the E ast C oast clim ate 
p rov ince  in  the y ear 1996, th ree stations N ello re  (N EL), 
V ishakapatnam  (V IS), and  M asu lipatnam  (M A S) have 
repo rted  m ean  annual tem peratures th a t are a t least 3.5°C  
b e low  the trend  for th a t decade. B ecause the average in ter­
annual fluctuation  for the entire tim e series is on ly  0.3°C  
(standard  dev ia tion  0 .6 °C), and  no  o ther stations in  the 
p rov ince  show  sim ilar low  tem perature residuals for tha t
year, w e ju d g e  the 1996 values for those three stations to  be 
in  error. W e have rep laced  th e ir 1996 m ean  tem peratures by 
infilling  as i f  there  w ere a  da ta  gap for th a t year. T here are 
on ly  6 cases in  the 2778 sta tion-years o f  da ta  in  the m e teo ­
ro log ica l da ta  file, and  so the rep lacem en t p rocess has little 
effect on  the da ta  p rocessing  w ith  respect to  clim ate change. 
T he rep lacem en t process, how ever, y ields a  se lf  consisten t 
and  cred ib le  da ta  set for illustration  and  in ter-station  
com parison.
[26] F igure 8 show s the infilled  m eteo ro log ical da ta  for 
28 stations in  sou th  Ind ia  (locations in  F igure 1) for the 
period  1901 to  2006. T em perature  trends com puted  as linear 
regressions to  the da ta  are also show n n ex t to  each station 
w ith  the trend  g iven  in  un its  °C  /100  years. A  histogram  
o f  the trends is g iven  in  F igure 9. T he m ean  SA T trend 
for sou th  Ind ia  is 0 .57  ±  0.2 (95%  confidence lim it) 
°C /100 years; the m ed ian  SA T trend  is 0 .6°C /100  years, no t 
d ifferen t from  the m ean. T w en ty  th ree o f  the stations have 
w arm ing  trends betw een  0.2 and  1.6°C /100 years; the m ean  
and  standard  dev ia tion  for these stations alone are 0 .7  and 
0 .3°C /100  years respectively . T he w arm ing  ou tlie r in  the 
sou th  Ind ian  m eteo ro log ical stations is H yderabad  (H Y D ) 
w ith  a  w arm ing  trend  o f  2 .3 °C /100  years, b u t th a t trend  is 
calcu lated  for a  truncated  tim e series o f  on ly  1951 to  2002. 
H yderabad  is one o f  the largest sou th  Ind ian  cities in  the 
In terio r P rovince and  has experienced rap id  g row th  and 
expansion  in  the las t h a lf  century; the SA T record  m ay  be 
in fluenced  b y  an  u rban  h ea t is land  effect. T he four stations 
th a t show  cooling  in  the last cen tury  are P une (PU N), 
B aram ati (B A R), R aichur (RA I), and  B ellary  (B EL), all in  
the no rthw est p art o f  the In terio r Peninsula. P U N  and B A R  
are ad jacen t stations, as are R A I and  B EL, suggesting  tha t 
the clim ate cooling  is geograph ically  extended  and  coherent, 
a t least for th a t p art o f  sou th  India. It m ay  be a  coincidence 
th a t 4  o u t o f  28 m eteoro log ic  stations show  coo ling  trends, 
the sam e percen tage as the 11 o f  75 boreho le  sites tha t 
exh ib it coo ling  trends in  the ir reduced  tem perature  profiles.
4. Combined Analysis of Borehole 
and Meteorological Data
[27] O ur analysis o f  bo reho le  tem peratures in  term s o f  a 
ram p change y ie lded  average w arm ing  am plitude o f  0 .9 °C 
in itia ted  127 years ago. T he w arm ing  rate  from  th a t anal­
y sis is ^ 0 .7 °C /1 0 0  years, w h ich  is n o t sign ifican tly  d ifferent 
from  the value  o f  ^ 0 .6 °C /1 0 0  years ca lcu la ted  from  m ete ­
o ro log ical data. T hus the rate o f  surface g round  w arm ing  in  
sou th  Ind ia  is com parab le  to  surface air w arm ing, indicating  
th a t the g round  is effectively  track ing  tem perature  change 
above the g round, an  observation  m ade elsew here [C hisholm  
a n d  C hapm an, 1992; H arris a n d  C hapm an, 1997].
[28] W e n ow  exp lo it the track ing  o f  a ir and  g round  tem ­
peratures further b y  com bin ing  our boreho le  tem perature  
and  m eteo ro log ica l da ta  in  a  hybrid  analysis. A  SA T tim e 
series is used  as a  d riv ing  function  a t zero  dep th  to  p roduce  a  
synthetic tran sien t tem perature-dep th  profile  TRSAT(z) a t a 
tim e correspond ing  to  boreho le  tem perature  log, no ting  tha t 
an initialization tem perature is required for the calculation. That 
initialization tem perature w as term ed the pre-observational 
m ean  (PO M ) tem perature b y  H arris a n d  C hapm an  [1997] 
because  it is the average, long-term  tem perature  for the 
E arth ’s surface p rio r to  start o f  the SA T observations. F or a
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F igure 8. SA T tim e series for 28 ind iv idual m eteoro log ica l stations in  sou th  India. The SA T data  are 
show n as annual departures from  the 1 9 6 1 -1990  m ean  tem perature. Solid  line show s the b es t linear fit 
to  the data  on  each plot. T he station  nam es and  the co rresponding  SA T trends (in °C /100 y) are show n nex t 
to  the plots.
surface tem perature h is to ry  com posed  o f  n ind iv idual step 
changes o f  am plitude A T i and  tim e t* before the borehole 
m easurem ent, the transien t tem perature  p rofile  TRSAT(z) at 
the tim e o f  m easu rem en t is g iven  b y  [C arslaw  a n d  Jaeger, 
1959]
n I z
Tr s a t (z) =  Z  ATterfcl ------
i=1 y V  4ati
(4)
[29] In  practice, the PO M  step is determ ined  by  finding the 
value  th a t m in im izes the m isfit b e tw een  the reduced  tem ­
perature  p rofile  and  the synthetic transien t tem perature  p ro ­
file com puted  from  the SA T record  [H arris a n d  C hapm an, 
1997].
[30] W e com pare the average boreho le  reduced  tem pera­
ture profile  (to a  dep th  o f  500 m ) for south  Ind ia  w ith  the 
synthetic transien t tem perature profile  constructed  using 
the average SA T tim e series. W e sw eep a  large P O M  space 
(—5 to + 5°C) a t 0 .01°C  intervals. T he b es t fitting PO M  
corresponds to  a  tem perature  0 .6  ±  0.1 °C  low er than  the 
1 9 6 1 -1990  m ean  SA T for sou th  India. T he resu lts o f  the 
com parison  are show n in  F igure 10. The figure also show s 
the sensitiv ity  o f  the m isfit b e tw een  the boreho le  and  syn ­
thetic tran sien t tem perature  profile to  the choice o f  PO M . A  
sharp trough  in  the m isfit d iagram  ind icates th a t the P O M  is 
a  robust tem perature  estim ate. F o r com parison, F igure 10
also show s tw o  o ther PO M -SA T  m odels d iffering  by 
0 .2 °C from  the b es t fitting PO M -SA T  m odel, corresponding  
to  PO M  values —0.4°C  and  —0.8°C  relative to  the 1961­
1990 m ean  SA T, and  synthetic tem perature  p rofiles p ro ­
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F igure 9. H istogram  show ing the d istribution o f  SA T trends 
in  ° C /100 y  obtained  from  analysis o f  28 m eteorological 
station records in  south India.
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F igure 10. D eterm ination  o f  a  p re-observational m ean  (PO M ) tem perature fo r sou th  India. (a) M ean 
SA T anom alies for the 28 w eather sta tion  ensem ble in  sou th  India. Z ero  co rresponds to  the 1961-1990  
m ean. H orizon tal lines illustrate th ree possib le  choices o f  PO M . (b) Synthetic tem peratu re-dep th  profiles 
for the three PO M -S A T  scenarios show n in  F igure 10a, a long  w ith  the subsurface tem perature-depth  p ro ­
file ob ta ined  b y  averag ing  the set o f  boreho le  reduced  tem perature  p rofiles o f  the p resen t study. T he best 
fitting PO M -SA T  scenario  co rresponds to  a  P O M  0.6°C  low er th an  the 1 9 6 1 -1990  m ean  SAT. (c) P lo t o f  
R M S m isfit as a  function  o f  the P O M  illustrating  th a t the in ferred  PO M  is quite robust.
[31] A vailab ility  o f  annual m eteoro log ica l da ta  un til 2006 
perm it an  analysis o f  to ta l w arm ing  from  the baseline tem ­
perature  rep resen ting  an  average 18th and  19th C entury  
tem perature  to  the cu rren t decade. The p as t tw o decades 
h ave  b een  w arm  in  Ind ia , as for m ost o f  the g lobe. R elative 
to  the 1961 -1990  m ean  tem perature, SA T annual averages 
for south  Ind ia  from  1995 th rough  2006 are 0 .149, 0 .038, 
0 .317, 0 .761 , 0 .176, 0 .140 , 0 .442, 0 .698 , 0 .562, 0 .245, 
0 .317  and  0 .242°C . O ver a  10 y ear w indow  from  1995 to
2005 cen te red  on  the y ear 2000 , the average SA T w arm ing  
relative to  the 1961 -1990  m ean  is 0 .3 5 °C. T hus the hybrid  
PO M -SA T  m ethod  suggest th a t to ta l surface w arm ing  in  
sou th  Ind ia  from  the early  1800 s to  2000 is ^ 0 .9 5 °C  
(0.6 p lu s 0 .3 5 °C).
5. Discussion
[32] T he 75 n ew  sites from  south  Ind ia  constitu te  a  sig ­
n ifican t con tribu tion  to  the p rev iously  availab le  g lobal 
archive o f  bo reho le  tem peratures u sed  for clim ate reco n ­
structions [H uang e ta l . ,  2000]. H arris a n d  C hapm an  [2001] 
n o ted  th a t the g lobal co llection  in  fact w as heav ily  b iased  
tow ard  sites in  the no rthern  hem isphere concentrated  
b etw een  30° and  60° latitudes; these data  for sou th  Ind ia  and 
the data  for o ther parts o f  Ind ia  reported  in  R o y  e t al. [2002] 
co rrect som e o f  th a t geograph ica l b ias (F igure 11).
[33] T he data  for sou th  Ind ia  span  7 degrees o f  latitude. 
T he m agnitudes o f  the ram p tem perature  changes inverted  
from  boreho le  tem pera tu res (Table 1) are show n in 
F igure 12 for one-degree latitude bands. T he average tem ­
perature  change am plitude is 1.2°C in  the sou thernm ost b in
(8 -9 °N ) and  varies on ly  betw een  1.0°C and  1.3°C over eight 
degree latitude range. In  sou thern  Ind ia  there seem s to  be  no 
d iscernib le changes w ith  latitude th a t m igh t be  associated  
w ith  a  genera l la titud inal am plification  o f  w arm ing  o r 
reg ional clim ate change effects.
[34] T his boreho le  tem perature  study extends the k n o w l­
edge o f  surface tem perature  change ob tainab le  from  surface 
a ir tem peratures (SA T) alone. T he value  added  in  com bining 
boreho le  tem perature data  to  trad itional m eteo ro log ical data  
for south  Ind ia  is illustrated  in  F igure 13. F rom  SAT 
in fo rm ation  alone one can  deduce the standard  30-year 
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F igure 11. H istogram  o f  the g lobal latitud inal d istribu tion  
o f  boreho le  sites u sed  for p as t clim ate change analyses. 
T he shaded  reg ions show  the latitudes for Ind ia  data  ana­
lyzed  in  the study  o f  R o y  e t al. [2002] and  the p resen t study.
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F igure 12. T em perature  change (ram p am plitude) versus 
latitude for 75 sou th  Ind ia  bo reho le  sites. The latitude range 
is d iv ided  in to  1 ° b ins. T he average surface g round  tem per­
ature change (solid  c ircle) and  standard  dev ia tion  (solid 
lines) in  each 1 ° b in  are also show n. T hree sites in  the la ti­
tude  b in  11 -1 2 °N  th a t show  coo ling  in  the range —2.9 to 
—4.3 °C are n o t p lo tted  b u t are indicated  b y  an  arrow  inside 
the bin. T he num ber o f  borehole sites, average ram p 
am plitude (°C ) and  average rate  o f  change o f  surface 
g round  tem perature (°C /100 y) co rresponding  to  each la ti­
tude  b in  are listed  beside each  bin. T he average show n 
against the 1 1 -1 2 °N  latitude b in  does n o t include the 8 sites 
in  N am agiripe tta i area th a t show  local coo ling  attributable 
to  changes in  land  use (see text). T hese 8 sites show  an 
average coo ling  o f  1.7 ±  1.8 (SD ) °C and  a  rate o f  
— 1.9°C /100 y.
item  #1 o n  F igure 13. O ne can  also calculate  a  trend  fo r the 
SA T tim e series; item  #2  on  F igure 13 show s th a t trend  o f  
0 .57°C /100  y r  p lo tted  to  pass th rough  the m id p o in t o f  the 
19 6 1 -1990  m ean  datum . T he w arm ing  for the C entury  is 
thus partitioned  linearly  into 0 .4 3 °C p rio r to  1975 (m idpoin t 
o f  1961 -1990 ) and  0 .14°C  subsequen t to  1975. In  the case 
o f  sou th  India, SA T tem peratures in  the las t decade depart 
sign ifican tly  from  the trend  and  it is appropriate to  show  
th a t departure  by  p lo tting  the 1 9 9 5 -2005  m ean  tem perature 
as a  separate feature (item  #3 o n  F igure 13).
[35] A dd ition  o f  bo reho le  tem perature data  bo th  extends 
and  com plem ents th is picture. M ost significantly , the hybrid  
SA T -PO M  m ethod  p rov ides a  baseline tem peratu re  for 
^ 1 7 0 0 -1 9 0 0  against w h ich  the curren t w arm ing  phase  can 
be  considered. T hat baseline is 0 .6°C  coo ler than  the 1961­
1990 m ean  SA T (item  #4 o n  F igure 13). F inally  the borehole 
tem perature  inversion, param eterized  in  term s o f  a  sim ple 
ram p change, re tu rned  values o f  0 .9 °C am plitude and 
127 years du ra tion  for the ram p; th a t resu lt is p lo tted  as a 
boreho le  w arm ing  trend, item  #5 on  F igure 13, o rig inating  
o n  the baseline tem perature  and  term inating  in  the year 
2000, a  m ed ian  tim e for the borehole  tem perature logs 
(Table 1). I t is n o t surprising  th a t the to ta l w arm ing  from  the 
baseline to  ^ 2 0 0 0  for the SA T data  agrees w ith  the borehole
w arm ing  trend  because  the bo reho le  tem peratures w ere  used 
to  derive the PO M . B u t the m ethod  locks b o th  boreho le  data  
and  SA T data  on  to  the sam e scale. S tudies th a t use b o re ­
ho les alone sim ply  determ ine a  ra te  o f  g round  tem perature  
change and, because  there is an  o ffset be tw een  g round  and 
air tem peratures, superim pose the boreho le  w arm ing  o r 
cooling  on  a  SA T p lo t w ith  an  arb itrary  shift.
[36] F igure 13 suggests, how ever, sign ifican t w arm ing  in  
the 19th C entury , p rio r to  the observationa l SA T record. 
W arm ing  during th a t period  is supported  b y  an  entirely  
independen t da ta  set. A nderson  e t al. [2002] have  analyzed 
the abundance  o f  the foram in ifera  G. bu llo ides  in  cores from  
the A rab ian  Sea. T hey  use  an  index  based  o n  G. bullo ides  
abundance as an  ind ica to r o f  m onsoon  w ind  speed, in  tu rn  
related  to  tem pera tu res in  sou th  A sia, to  argue for con ti­
nen ta l w arm ing  starting  as early  as 1600 A .D . w ith  a  local 
m in im um  betw een  1800 and  1900 A .D . A lthough  n o t easily 
quantified, th a t inference is consisten t w ith  ou r analysis 
based  on  boreho le  tem peratures and  m eteo ro log ical data.
[37] I t should  be  m en tioned  th a t all trends and  values 
p lo tted  on  F igure 13 have  uncertain ties, som e o f  them  large, 
w h ich  w ou ld  sm ear the p lo tted  data. N onetheless, an  im age 
arises from  the com bined  boreho le  and  m eteoro log ic  da ta  in  
F igure 13 th a t sou th  Ind ia  has experienced  betw een  0.8 and 
1 °C o f  w arm ing  above a  baseline b road ly  represen tative o f  
an  18th and  19th C en tu ry  m ean  tem perature. T hat resu lt 
cou ld  n o t be ob tained  from  m eteoro log ic  inform ation  
alone g iven  the abbrev ia ted  SA T tim e series from  1901 to
2006 A .D .
6. Conclusions
[38] T his study  o f  surface a ir tem peratures from  m eteo ro ­
log ical records com bined  w ith  tem pera tu re-dep th  data  from  
w idely  d ispersed  boreho le  sites in  south  Ind ia  lead  to the 
fo llow ing observations and  conclusions:
[39] 1. T em perature-dep th  p rofiles from  75 sites in  south 
Ind ia  add  sign ifican tly  to  the 70 sites p rev iously  used  [Roy 
et al., 2002] to  study g round  surface tem perature  changes in 
India. A s the g lobal arch ive o f  boreho le  sites p rev iously
Year
F igure 13. In fo rm ation  ob ta ined  ab o u t surface tem perature 
change in  sou th  Ind ia  b y  com bin ing  boreho le  tem peratures 
w ith  SA T data. N um bers on  p lo t refer to : (1) m ean  SA T 
datum  for the th irty -year perio d  1961 -1990 ; (2) SA T annual 
anom alies and  trend  fo r the period  1901 to 2006; (3) m ean  
SA T anom aly  for the period  1 995 -2005 ; (4) PO M  o r b ase ­
line tem perature  represen ting  a  m ean  tem perature for the 
18th and  19th centuries; (5) average w arm ing  ram p de te r­
m ined  from  inversion  o f  boreho le  tem peratures.
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used  for clim ate change studies is b iased  tow ard  the latitude 
b and  30 to  60 °N  latitude, these sites also significantly  
redress the absence o f  low  latitude sites in  the data  arch ive.
[40] 2 . T he south  Ind ia  bo reho le  tem peratu re-dep th  p ro ­
files indicate th a t the g round  surface has w arm ed  b y  0 .9 °C 
over the p as t 127 years on  average. T em perature change is 
determ ined  m ore prec ise ly  than  the o nse t tim e for the 
w arm ing.
[41] 3. A s occurs elsew here, there  is considerab le  varia tion  
in  the inferred  tem perature change from  site to site. A lthough  
85%  o f  the sites show  d istinc t w arm ing  trends, 11 sites y ield  
surface tem perature cooling , poss ib ly  associated  w ith  irriga­
tion  o r land  use  changes. A no ther 4 sites show  w arm ing  bu t 
the o nse t o f  w arm ing  precedes the m odal w arm ing  o nse t in  
sou th  Ind ia  b y  150 years.
[42] 4. T here is no  evidence for a  la titud inal change in  the 
degree o r onse t o f  w arm ing  in  the latitude range 8 to 15°N 
represen ted  b y  the sou th  Ind ia  data.
[43] 5. M onth ly  and annual tem perature  data  have  been  
com piled  for 28 m eteo ro log ica l stations over the reg ions 
w here the n ew  boreho le  sites exist. A  data  infill a lgorithm  
w as developed  to create a  near-com plete  da ta  set fo r the tim e 
period  1901 to  2006 A .D . T he m eteo ro log ical da ta  have 
characteristics seen  elsew here in  the w orld , large in terannual 
varia tions b u t overall w arm ing  trends. T he average w arm ing  
rate  is 0 .6 °C /100 years b u t w ith  considerab le  scatter am ong 
ind iv idual stations (range —0.8 to  + 2 .3°C /100  years).
[44] 6. M eteoro log ical da ta  have  b een  com bined  w ith  the 
boreho le  data  to  ex tract a  baseline surface tem perature  p rio r 
to  the existence o f  the observationa l reco rd  (often  term ed  the 
p re-observational m ean  tem perature  o r PO M ). T he average 
PO M  for sou th  Ind ia  is —0 .6°C relative to  the 1961 -1990  
m ean  SAT. T he variab ility  o f  the PO M  am ong  sites is m uch  
less than  the variab ility  o f  w arm ing  rates determ ined  from  
m eteoro log ical da ta  alone, a  resu lt in  p a rt from  the a ttenu ­
ated  tem perature  effects in  the subsurface. A dd ing  the post- 
1990 w arm ing  observed  over sou th  India, the to ta l surface 
w arm ing  in  sou th  Ind ia  from  the early  1800 s to  the early 
2000s is ^ 0 .9 5 °C . I t appears th a t sign ifican t w arm ing  took 
p lace p rio r to  the estab lishm ent o f  w idesp read  m eteoro log i­
cal stations in  sou thern  Ind ia  in  abou t 1900 A .D .
[45] T his sou th  Ind ia  study  involv ing  the geo therm ics o f  
clim ate change prov ides ano ther case study illustrating  the 
b enefit o f  u sing  boreho le  tem peratu re-dep th  p rofiles in  
com bination  w ith  m eteo ro log ica l da ta  to  analyze m u lti­
cen tury  surface tem perature  change for an  im portan t sub ­
con tinen t o n  p lan e t Earth.
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